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A B S T R A C T   
Since the 1980s, the industrialization and urbanization of the Beijing area has entered a period of high-speed 
growth. This paper asks the question: How have such great changes in urban land-use over the past decades 
impacted urban precipitation? In this study, we investigate and analyze the effects of urbanization on the 
summer precipitation in Beijing using numerical modeling approaches. Applying the numerical mesoscale at-
mospheric model METRAS, we determine the impact of surface cover on 13 heavy precipitation events. We 
implement five idealized land-use scenarios: Reference scenario, No-urban scenario, High-building scenario, 
Urban-expand scenario, and No-vegetation scenario. There is nearly no difference in the mean precipitation sum 
across all 13 simulated rain events and between the urban-scenarios and the rural-scenario. We find effects of 
urbanization on precipitation only in some single cases. We conclude urbanization does effect the local pre-
cipitation of Beijing; it reduces rainfall in the urban area and increases rainfall downwind of the city. In some 
cases, larger percentage of sealed area could give rise to the heavier precipitation or extreme rain events. And we 
conclude the urban pattern significantly impacts rainfall area and intensity. Increased urban size or density may 
speed up rain clouds while increased urban height may disrupt or bifurcate the clouds. Our results offer a new 
viewpoint and further the study of urban impacts on precipitation (UIP). The results are important for sustainable 
and harmonious development of the economy, society, and environment in Beijing as well as other cities with 
rapid urbanization.   
1. Introduction 
The urban system is complex and not only consists of anthropological 
systems such as societal and economic systems, but also natural systems. 
Urban area is characterized by an aggregation of population, technique, 
information, and opportunity. Nowadays the world is experiencing the 
largest growth of urban areas in history. The 2018 Revision of World 
Urbanization Prospects produced by the Population Division of the UN 
Department of Economic and Social Affairs (UNDESA, 2018) notes that 
55% of the world’s population lives in urban areas, a proportion that is 
expected to increase to 68% by 2050. A report released by the Chinese 
National Bureau of Statistics announced that by the end of 2019 the 
urbanization rate of China had reached 60.6%, which lifted the world’s 
urbanization level to a new height. Now city inhabitants have already 
experienced advantages of urbanization as well as the disadvantages — 
crowded traffic, pollution, treacherous public security, and a variety of 
meteorological and climatological disasters. Precipitation in megacities 
is a popular issue because of the potential substantial impacts on urban 
management of flash floods, waterlogging, landslides, and mudflows 
(Yang et al., 2017), closely connected to the safety of the city’s people 
and property. 
Both observational and modeling results in previous studies have 
indicated that the impacts of urban area on precipitation actually exist, 
and that their specific properties (e.g., distribution, diurnal variation, 
seasonal cycle and intensity) also have been widely investigated around 
the world. Urbanization induced rainfall enhancement in downwind 
regions occur in many metropolitan areas, such as Oklahoma City (Hand 
and Shepherd, 2009), Houston (Shepherd and Burian, 2003), Atlanta 
(Mote et al., 2007), Hamburg (Schlünzen et al., 2010), and Beijing (Zhu 
et al., 2019). Some numerical modeling studies have also demonstrated 
the UIP. Sensitivity experiments (Rozoff et al., 2003) in Regional At-
mospheric Modeling System (RAMS) show that the urban heat island 
(UHI) effect plays a key role in initiating deep, moist convection 
downwind of the city. Meanwhile, many researchers have reported 
different findings. For instance, Lei et al. (2008) and Niyogi et al. (2011) 
find that urbanization leads to increased precipitation in the upwind 
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urban region. Another Weather Research and Forecasting (WRF) Model 
simulation indicates the rainfall area greatly depends on the urban 
canopy roughness (Xing et al., 2020). Zhang et al. (2020) analyzed the 
potential physical mechanisms of urban expansion and precipitation and 
conclude that the leading role of urbanization in the process of precip-
itation may change with the scale of the city. In addition, Lin (2000) 
indicated moving thunderstorms show a bifurcated trend and move 
around the city due to the building barrier effect. Yue et al. (2019) also 
find the building barrier effect influences local typhoon precipitation in 
Shanghai. Therefore, the effects of urbanization on precipitation are still 
argued. Because of the unknowns and uncertainties associated with the 
precipitation, there is still room for future studies. For example, previous 
studies have focused on the effects of the increasing urban size on pre-
cipitation, limited attention has been paid to the building heights and 
density (Xing et al., 2020). In addition, since each city differs in struc-
ture, climatology, geography and so on, and different models have 
different simulating approaches, it is quite necessary to explore the 
urban induced-effects of different cities all around the world with 
different meteorological models. 
For our study, we selected a typical megacity Beijing (sometimes 
romanized as Peking, 39◦28′-41◦25′N, 115◦25′-117◦30′E) for three pri-
mary reasons. First, because of Beijing’s rapid urbanization over the past 
decades with built-up area and population increases. Beijing’s urban-
construction area has increased fourfold from 415.7 km2 in 1990 
(Schneider and Mertes, 2014) to 1603 km2 in 2017 (China City Statis-
tical Yearbook, 2017). Second, heavy precipitation is one of the major 
concerns in Beijing, especially after the July 2012 Beijing flood event. 
Third, the urban precipitation of Beijing has not been investigated well 
enough. Some previous studies claim that summer rainfall in Beijing has 
shown an obvious tendency of decline from the 1980s–2000s (Zheng 
et al., 2008; Zhang et al., 2009), and more precipitation in regions 
downwind of the city (Sun, 2007; Zhu et al., 2019). Other studies claim 
the urban area of Beijing has fewer rainy days but higher rainfall in-
tensity compared to its surrounding region (Zhang et al., 2014), and the 
intense short-duration rainfall events often begin in late evening and 
nighttime and tend to end in late night and early morning (Yang et al., 
2017). Yuan et al. (2020) also found the hourly urban precipitation 
extremes are increasingly inclined to occurring during night-time, 
especially during 18:00 LST to 02:00 LST (UCT+8:00). However, most 
of the previous studies analysis the UIP by using statistical approaches 
ignoring large-scale climate variability. And the previous numerical 
modeling studies paid little attention to the effects of urban structures or 
patterns on precipitation, as well as lack a thorough study of precipi-
tation mechanisms. The aim of this study is to investigate the effects of 
urbanization on precipitation and especially on heavy precipitation in 
Beijing by using the mesoscale atmospheric model METRAS. This study 
will investigate how change in land-use over the past four decades have 
impacted regional precipitation, explore the influence of different urban 
patterns on UIP, and compare and analyze climate modifications 
through a series of sensitivity experiments with different scenarios using 
idealized numerical modeling. Our urban precipitation investigations 
are significant for urban and hydrological design, flooding forecasting 
and control management. Our results are important for sustainable and 
harmonious development of the economy, society, and environment of 
Beijing, as well as other cities with rapid urbanization. 
2. Study area and methodology 
2.1. Study area 
Beijing, which is the capital of the People’s Republic of China, is 
located in the Northern China Plain about 150 km from the Bohai Sea. 
The elevation encompassing Beijing is high in the northwest and low in 
the southeast. The Taihang Mountain and the Yan Mountain are situated 
on the western side and northern side of the city respectively. They form 
a large semicircular mountain cove around the so-called Beijing Plain 
with a mean elevation of about 40m. Beijing has a typical temperate 
monsoon climate, characterized by hot, humid summers and cold, dry 
Fig. 1. The study area.  
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winters. The climatological annual precipitation over the region is about 
600–700 mm (Guo et al., 2006), with a great majority of it falling in the 
summer period. 
The Beijing Municipality has a total land area of 16410.54 km2, with 
a population density of 1312 people per km2 by the end of 2019. 
Currently, Beijing Municipality is composed of urban and suburban 
districts and two rural counties. Eight of the 14 districts (Xuanwu, 
Xicheng, Chongwen, Dongcheng, Haidian, Shijingshan, Fengtai, and 
Chaoyang) are traditionally viewed as the central city area covering 
about 300 km2 (He et al., 2006). Surrounding the Forbidden City, from 
the 2nd Ring Road (1980s) to the 6th Ring Road (2009), a ring pattern 
road system has developed (Fig. 1), which is ridiculed as making a big 
“pie”. At the same time, the urban area has expanded by about a factor of 
four since 1980 (Yang et al., 2009). Since the 1980s, the industrializa-
tion and urbanization of Beijing has entered a high-speed growth period, 
which is seen in the change of urban area from 1984 to 2005 (Fig. 2). 
Three main features of Beijing’s urban growth stand out in these two 
figures. Since urban sprawl is one of the main forms of suburban land 
development in Beijing after the 1980s (Zhao, 2010), its urban devel-
opment is both expansionary and sprawling. Suburban regions as well as 
satellite towns have become highly developed. And numerous small 
urban patches occur dispersed across all of the Beijing Municipality. 
Urban Beijing has expanded in all directions except east because of the 
mountains. Apart from the urban growth features, the figures show 
other land use changes such as declining area of forests, paddy fields, 
and marshes. 
Table S1, based on the TM images and “Beijing-1” satellite data, 
gives more detailed information on each type of land use change. 
Comparing data from 1984, 1996, 2001, and 2005 the most visible 
change is the continual increase in the urban and town area by occu-
pying farmland and forest areas. Urban and town areas increased from 
484.86 km2 (accounting for 2.96%) to 1496.88 km2 (9.14%), and the 
growth rate of urban and town area during the period 1984–1996 was as 
high as 107.57%. The rural residential area also increased in the long- 
term, even though there was a decline during 1984–1996. 
2.2. METRAS setup for Beijing 
2.2.1. Relevant characteristic of METRAS 
In this study, we use the mesoscale meteorological model METRAS 
(Schlünzen, 1990). METRAS is a 3-D model which was formulated in 
1980s mainly at the University of Hamburg, and has been widely applied 
in Germany and abroad. Like other meteorological and climate numer-
ical models, it fulfills conservation of mass, momentum, and energy 
based on the primitive equations. METRAS uses diagnostic and prog-
nostic equations to get meteorological parameters (e.g., temperature, 
humidity, pressure, wind speed and direction). It consists of many 
sub-models, such as the cloud microphysics model which allows for the 
formation of clouds and precipitation; the chemistry and dispersion 
model which allows for the calculation of pollutant dispersion; the sea 
ice model which gives a more accurate energy budget. The anelastic and 
Boussinesq approximations as well as other approximations are applied 
in the METRAS model (Grawe et al., 2013). In addition, the model can 
realize sub-grid-scale surface cover representation. The surface coverage 
or characteristics determine the surface dependent fluxes which have an 
effect on the lower atmosphere. METRAS has 56 surface cover classes 
with corresponding physical parameters. However, there is no canopy 
sub-model in the model, so the variation characteristic of turbulent ki-
netic energy flux and effects of building structures on momentum and 
turbulent length scales are unaccounted for. Therefore, the surface 
fluxes we calculate cannot completely represent the real effects of un-
derlying surface and anthropogenic activities. 
Fig. 2. The land use of Beijing in 1984, 2005 based on the TM images and “Beijing-1” data (Mu et al., 2007).  
Fig. 3. The location of chosen domain for the simulations, the field shown is 
one-time filtered topography. The white line circled area stands for Bei-
jing area. 
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2.2.2. METRAS adaptation for Beijing 
A model domain with a fixed horizontal grid spacing of 2 km was 
centered over the Beijing area, and it consisted of 135 × 141 grid points 
with latitudes from about 38.3◦ to 41.0◦N, longitudes from about 114.4◦
to 118.0◦E. There are 38 vertical levels, which are set with variable grid 
spacing in the first 0–6.5 km of the atmosphere and maintained at a 
spacing of 1.0 km for the height above 6.5 km. The grid spacing close to 
the surface is 20 m, the lowest model level is located in 10 m above 
ground. The model top extended to about 16.5 km above the surface to 
allow very deep convection processes. 
The elevations in the model domain were retrieved from the 
GTOPO30 global data, which is available from the U.S Geological Sur-
vey (USGS) Center for Earth Resources Observation and Science (EROS). 
GTOPO30 is a global digital elevation model with a horizontal resolu-
tion of approximately 1 km, providing regional and territory scale 
topographic data. Fig. 3 shows the topography of the investigated 
domain. A relatively complex feature of the topography is the high 
mountains in the north and west and sea in the southeast. The mountains 
reach up to more than 2000 m above the sea level while the flat terrain’s 
elevation ranges between 0 and 80 m. 
Since such large height differences and the rugged mountains are big 
challenges for the model, we applied a three-point filter method to 




ψi+1 + 2 ⋅ ψ +ψi− 1 (1)  
where each output Ψ̇ is the scaled average of three successive inputs. The 
extreme values are modified after the three-point filter, while at the 
same time the general characteristics of the data can be kept. By using 
this smoothing method, computational effort was reduced and some 
spurious effects of the mountains were avoided. 
The advection and diffusion terms in the Reynold equations are in-
tegrated in time by means of the Adams-Bashforth-scheme (Schlünzen 










⋅Δt (2)  
where f is the sum of the advection term and the diffusion term. Δt 
denotes the time step. To ensure the stability of the numerical scheme, 























where u, v, and w demote the wind speed in the x, y, and z direction 
respectively. The grid increment in each direction is Δx, Δy and Δz. D 
and E denote the transformation coefficient for terrain slope in the x and 
y direction, where D = E = 0 if the terrain is flat. Khor is the horizontal 
exchange coefficient for momentum and Kvert is the vertical exchange 
coefficient for moment. VR is the damping coefficient. 
Due to the slope of the terrain, one component of the horizontal 
exchange coefficient for momentum points is in vertical direction. This 
component is not considered in the time step restriction (Equation (3)). 
In the area of Beijing, with its complex topography, the slope leads to 
numerical instabilities. If the terrain slope were considered in Equation 
(3), the resulting time steps would be very low (e.g., <0.1 s), which 
would strongly improve the computational performance. Therefore, the 
horizontal exchange coefficient for momentum Khor is simplified and 
assumed to be zero in this study. In order to smooth the simulated wind 
fields, a Shapiro three-point-filter (Equation (1)) is applied to the three 
components of the wind vector. 
2.2.3. Selected heavy precipitation events 
In this study, a heavy precipitation event conforms to the following 
requirements based on the radiosonde sounding data (12:00 UTC, 20:00 
CST) from University of Wyoming website: a) Summer rainfall in 
June–July–August (JJA) happened between the year 2000 and 2011; b) 
Convective available potential energy is larger than 2000 J. Finally, 13 
heavy rainfall events have been selected listed in Table 1. 
Besides, according to the daily National Centers for Environmental 
Prediction (NCEP) sea surface temperature (SST) analysis data and the 
daily observational data from the German Meteorological Service 
(DWD), the water temperature, soil temperature and “dry days” of each 
event have also been used to initialize the one-dimensional version of 
the METRAS model. We assumed soil temperature to be the same as 
water temperature. “Dry days” are the total number of the days without 
Table 1 
List of heavy precipitation events and their meteorological parameters.  
Event Date Near surface air 
temperature 
[◦C] 










1 Jun 15, 2001 20.0 20 0 SW 
2 Aug 04, 2002 30.6 25 0 NW 
3 Jul 20, 2004 25.8 25 1 SW 
4 Jul 10, 2005 30.7 23 0 NW 
5 Aug 05, 2005 28.1 26 0 NW 
6 Jul 12, 2006 28.0 24 1 SW 
7 Aug 01, 2007 30.0 26 0 NW 
8 Aug 12, 2007 28.5 26 4 NW 
9 Jul 04, 2008 31.0 25 2 SW 
10 Aug 11, 2008 25.6 28 0 SW 
11 Aug 30, 2010 28.7 25 8 NW 
12 Aug 14, 2011 26.4 26 4 SW 
13 Aug 26, 2011 21.3 26 9 SE  
Table 2 
Land use scenarios investigated in the study.  





The land use data of 2006 for whole 





The urban area is replaced by cropland. 
High-building 
scenario (SCE_High) 
The low building class is replaced with 




All grid cells with 10–60% of urban 
class are replaced by grid cells with 
60% of urban class. The other grid cells 
remain the same. 
No-vegetation 
scenario (SCE_Noveg) 
All the vegetation in the urban area 
(more than 30% of urban class in one 
grid) is removed, and replaced by 
buildings.  
Fig. 4. Main surface cover class of the chosen domain.  
J. Liu et al.                                                                                                                                                                                                                                       
Physics and Chemistry of the Earth xxx (xxxx) xxx
5
effective precipitation (>1 mm) before each event. The number of “dry 
days” impacts the soil moisture, which can alter the latent and sensible 
heat flux exchanges between the surface and lower atmosphere. Moist 
soil leads to higher evaporation, causing more precipitation, which in 
turn feeds back into soil moisture. Taylor et al. (2012) claim that rain 
falling in the summer afternoon is more likely to occur over drier soil 
places. Specifying the “dry days” is beneficial to the accuracy of 
simulations. 
Since the sounding data were recorded at 20:00 CST, at which time 
the convection was already quite strong, the radiosonde profiles at that 
time were not used directly to initialize the simulations. The following 
steps show how we modify the 1D model profiles to avoid instabilities 
from lack of appropriate data.  
a) Below height of 1500 m: to use U-wind and V-wind value of 1500 m;  
b) If there are missing data of U-wind and V-wind in the high levels, to 
use the last recorded value of U-wind and V-wind;  
c) Limit the vertical temperature gradient to − 0.0095 K/m;  
d) Above 6000 m height: set to stable stratification with a decrease rate 
of − 0.0050 K/m of real air temperature;  
e) Above 12000 m height: to use the relative humidity at 12000 m; 
Limit the maximum relative humidity: 95% (0–2000 m), 80% 
(2000–5000 m), and 80% (above 5000 m). Fig. S1, Fig. S2, and Fig. S3 
show the final humidity and wind profiles of each case. 
2.2.4. Surface cover data and land use change scenarios 
The original land use data used in this paper is based on the Glob-
Cover (global land cover product delivered for the period between 
December 2004 and June 2006). The data has a 300 m resolution and 22 
independent validation global (or level 1) legend land use categories 
Fig. 5. Difference of the precipitation sum over Day1 and Day2 of all 13 rain events between two scenarios. a) SCE_Refer - SCE_Nourb; b) SCE_High - SCE_Nourb; c) 
SCE_Expand - SCE_Nourb; d) SCE_Noveg - SCE_Nourb. The framed area is the central city. (Unit: mm). 
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(Bicheron et al., 2008). We map the “urban” surface cover class in the 
GlobCover data onto the METRAS surface cover classes as following: 2% 
water, 7% grass, 4% bushes, 17% trees, 5% cropland, 5% asphalt, 35% 
low buildings(<= 12 m), and 25% high buildings (>12 m): based on the 
table of vegetation resources for Beijing (Green Resources, 2012), the 
governmental urban planning report (2004–2020) of Beijing (Urban 
planning report, 2007), and the map of building height of Beijing made 
by Tsinghua University. The reference scenario with the modified land 
use data used in the control experiment is shown in Table 2. 
Main land use classes of the chosen domain are presented in different 
colors in Fig. 4. In total, we applied 18 land use categories in the sim-
ulations, including two types of urban defined as only consisting of 
buildings and adjacent sealed surfaces. Different land uses change the 
moisture, momentum, and heat exchange processes between the surface 
and atmosphere. In this study, we calculate the surface energy budget 
and all surface dependent fluxes with respect to the surface character-
istics rather than employ a canopy sub-model. Table S2 in appendix lists 
the 18 classes’ physical parameters. 
The objective of this study is to explore the impacts of urbanization 
in Beijing on the summer precipitation and the potential mechanisms. 
To meet this objective, we investigated four sensitivity experiments with 
idealized scenarios of different urban land-use (Table 2) apart from the 
reference scenario introduced above. 
The No-urban scenario and the Reference scenario are regarded as 
the pre-urban period state and the current urban state respectively. 
SCE_High, SCE_Expand, and SCE_Novegare help show whether the 
height of buildings or the urban expansion influence the local climate. In 
short, SCE_Refer and SCE_High have a similar city size but different 
building heights; while SCE_Expand has a larger size city with a less 
dense urban area and SCE_Noveg has a larger size city with a much 
denser urban area. 
We simulated every selected heavy precipitation event five times 
with the five different scenarios for a total of 65 simulations. 
3. Results and analysis 
The spatial patterns of the mean differences of the sum precipitation 
over all cases between urban-scenarios (SCE_Refer, SCE_High, SCE_Ex-
pand, SCE_Noveg) and the rural-scenario (SCE_Nourb) are displayed in 
Fig. 5. The differences within each panel are random, and note the scale, 
these differences are all smaller than 1 mm which means nearly nothing. 
In general, it needs at least 40 years daily precipitation data to get a 
related precision climatological precipitation distribution, which is 
longer than temperature. Hence, it is not appropriate to analysis the 
precipitation changes by using the whole mean method as above. 
Schoetter (2013) did 72 meteorological situations of Hamburg with 
urban and no-urban scenarios. He found for a single meteorological 
situation there are large differences between two scenarios, but these 
differences cancel out when analyzing the ensemble of all 72 situations. 
And here Fig. 5 illustrates the same kind of result. The precipitation of 
each event should be analyzed independently. 
As the whole climate system is interactional, changes in other com-
ponents will influence precipitation indirectly. Precipitation responds 
directly or indirectly to changes of other meteorological parameters, it is 
a quite complex process including kinds of mechanisms. So for the 
rainfall differences in or near the urban area, it is hard to tell if they are 
related to the effects of the urban environment. The wind speed and 
direction are always changing, the influenced range by urban argues. 
Besides, the purely convection is sensitive to the local perturbation. 
After analyzing all 13 rain events results, the chosen two rain cases in 
this chapter are among those most likely to be influenced by the urban 
effects. 
3.1. Case one 
Case one is the precipitation process in the first day of the No.7 rain 
event of Table 1, the simulations are initialized at 20:00 CST on 1 August 
2007 with the near surface air temperature of 30 ◦C and soil & water 
temperature of 26 ◦C. No precipitation has been recorded at the routine 
observation station at the days before the heavy precipitation event, 
therefore we choose the number of “dry days” as zero. The wind comes 
from west with a speed of about 4 m/s at the steering level of the clouds 
(around 700 hPa geopotential height). 
The precipitation process happens during the night and it lasts to 
7:00 in the morning. The clouds accompanied with rainfall are from the 
mountains, moving past the southern part of the urban area. The rainfall 
center is in the southeast of the urban area (Fig. 6). Although there is 
rainfall over the mountains, the effects of urbanization on precipitation 
are expected in the urban area or east of the urban area. In order to 
investigate the precipitation amount variations with time, the precipi-
tation amounts between 39.6 and 40.0 ◦N of each longitude are inte-
grated and shown in Fig. 7. The urban area of reference scenario is 
between about 116.1 and 116.5 ◦E, the SCE_Expand and SCE_Noveg 
have larger urban area. 
Comparing Fig. 7(a) (SCE_Refer), Fig. 7(b) (SCE_Nourb) and Fig. 7(c) 
(SCE_High), it illustrates that although the general characteristics of the 
precipitation processes are similar, the intensity is different. SCE_Nourb 
has the most precipitation in the urban area and the least precipitation in 
the downwind area between about 116.7 and 116.8 ◦E. Besides, the 
rainfall of SCE_High is less than that of SCE_Refer. It seems the presence 
of the city has an influence on reducing the rainfall in the urban area 
especially the rougher city, and increasing the rainfall in the downwind 
area. 
Contrasting the results across all the different urban land uses, it 
reveals that the rain clouds of both SCE_Expand and SCE_Noveg move 
more quickly than for the other land use scenarios, and the location of 
the maximum precipitation is about 50 km farther to the east. The two 
larger urban scenarios both have higher precipitation intensity. It seems 
that the urban area may affect the moving speed of rain clouds, and 
urban expansion may enhance the intensity of precipitation. 
Fig. 6. Horizontal distribution of daily precipitation sum of the chosen Case 
One with the reference land use. The white line circled area roughly stands for 
the urban area based on the land-use data in 2010. (Unit: mm). 
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Fig. 7. Time evolution of the regional integrated precipitation of Event 7 in Table 1 a) SCE_Refer; b) SCE_Nourb; c) SCE_High; d) SCE_Expand; e) SCE_Noveg. 
(Unit: mm). 
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3.2. Case two 
Case two is also the precipitation process in the first day but in the 
No.12 rain event of Table 1. The initialization time is 20:00 CST on 4 
August 2011. The near surface air temperature is 26.4 ◦C which is much 
lower than that of Case one, and the soil & water temperature is 26 ◦C. 
There are four “dry days” before the simulated day, making the soil is 
relatively dry. The wind is the southwest with a speed of about 8 m/s, 
which is larger than that of Case one. 
Fig. 8 shows the horizontal distribution of daily precipitation accu-
mulation, which is located between 39.7 and 40.4◦N. There are actually 
two rain events, one starts about 1:30 and ends at 4:30 distributed be-
tween 116.1 and 117.0 ◦E; the other starts over the mountains and 
passes through the northern part of the urban area. 
Comparing all the subfigures in Fig. 9, for the first precipitation 
event, it can be seen that the rain of all urban scenarios in the urban area 
(116.1–116.3 ◦E) begins approximately 20 min earlier and lasts longer 
than that of the no-urban scenario. Note that the urban area of the 
reference scenario in Fig. 9 is between about 116.1 and 116.3 ◦E as the 
northern part of the urban area is narrow. In addition, all the urban 
scenarios give more precipitation in the downwind area than SCE_Nourb 
although the rain amount of SCE_Noveg is just a little larger than that of 
SCE_Nourb. 
For the second precipitation process, the rain in the urban area of 
SCE_Nourb is the heaviest followed by that of SCE_Refer. The decline in 
rain volume is most obvious in Fig. 9(e). Moreover, there are some 
differences in the period 6:00–8:00 among the five scenarios. In the area 
of 116.3–116.6 ◦E, SCE_Refer, SCE_High and SCE_Expand have more 
rainfall than SCE_Nourb, however, SCE_Noveg has less rainfall. 
4. Discussion and conclusions 
In summary, the urbanization of Beijing has certain influences on the 
precipitation process, but the magnitude of the influence depends on 
various factors. It is inappropriate to claim that the changes of rainfall 
over time is correlated to urbanization. Many factors affect the precip-
itation, such as large-scale atmospheric variability. The precipitation of 
each event should be analyzed independently. Case one and Case two 
both show the rain amount in the urban area decreases, which is possibly 
because of the increased water-holding capacity of the atmosphere and 
the decreased evaporation in the urban areas. We do find more rain falls 
in the downwind region. This may be because there is more water vapor 
in the atmosphere in the urban area, and as warmer air can hold more 
water before becoming saturated, the evaporated water must fall as rain 
in the downwind area. 
The increase of urban size or density may speed up the movement of 
rain clouds. Urbanization leads to increased surface roughness, which 
enhances the low-level convergence and upward vertical velocities 
(Diem and Mote, 2005). The enhancing of UHI-circulation is not only 
embodied in the upward, vertical velocities but also the horizontal ones. 
Moreover, stronger precipitation intensity in the urban area also exists, 
which means in some cases urban expansion could give rise to heavier 
precipitation or extreme rain events. It is also worth noting that we find 
the rainfall of SCE_High is less than that of SCE_Refer in both cases. This 
may be because of the urban barrier effect. The higher urban area may 
disrupt or bifurcate the clouds as a whole, suppressing the development 
of the convective system. Due to the lack of extensive previous studies, 
further in-depth modeling studies would help understand the mecha-
nisms involved in the impact of higher buildings on precipitating 
convective system. Since the anthropogenic heat and aerosols have not 
been taken into account in this study, the increase of anthropogenic 
aerosols may result in the increase of concentration of cloud conden-
sation nuclei, which would correspond to clouds that become larger and 
last longer. The impact of anthropogenic aerosols on clouds and the 
cloud feedback is still a big uncertainty as illustrated in the Fourth 
Assessment Report of the Intergovernmental Panel on Climate Change 
(IPCC). The real precipitation process will be more complex and the 
changes should be greater. 
The findings and conclusions are summarized as following:  
1) There is nearly no difference of the precipitation sum of all 13 
simulated rain events between urban-scenarios (SCE_Refer, SCE_-
High, SCE_Expand, SCE_Noveg) and the rural-scenario (SCE_Nourb). 
The effects of urbanization on the precipitation can only be found in 
single cases.  
2) For the precipitation events passing through the city, the presence of 
the urban area has an effect on reducing the rainfall in the urban area 
and increasing rainfall downwind of the urban area. However, 
heavier rain events exist in some cases, which means extreme pre-
cipitation events could be more common in response to the urban 
expansion. 
3) The urban pattern significantly impacts the rainfall area and in-
tensity. The increased urban size or density may speed up the 
movement of rain clouds while the increased urban height may 
disrupt or bifurcate the clouds. 
In the future, the changes of extreme precipitation frequency and 
precipitation distribution should be investigated based on the observa-
tional data. Besides, the land use scenarios are idealized, it will be much 
better to implement more accurate land-use data in the nested modeling 
simulations. Since anthropogenic heat and pollution release are impor-
tant factors to urban precipitation, they should be included in the 
modeling too, leading to more realistic simulation results. Finally, more 
rain events of different types (e.g., cyclonic rainfall, typhoon rainfall) 
should be simulated and analyzed in order to increase the confidence of 
conclusions on urban precipitation as well as the understanding of 
precipitation mechanisms. 
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Fig. 8. Horizontal distribution of the daily precipitation sum of Case Two with 
the reference land use. The white line circled area roughly stands for the urban 
area based on the land-use data in 2010. (Unit: mm). 
J. Liu et al.                                                                                                                                                                                                                                       
Physics and Chemistry of the Earth xxx (xxxx) xxx
9
Fig. 9. Time evolution of the regional integrated precipitation of Event 12 in Table 1 a) SCE_Refer; b) SCE_Nourb; c) SCE_High; d) SCE_Expand; e) SCE_Noveg. 
(Unit: mm). 
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